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(57) ABSTRACT 

A receiver and method are described herein that address inter 
symbol interference in a received signal by using a two-stage 
equalizer which includes a first demodulation stage that pro 
cesses the received signal and produces initial symbol deci 
sions, and a non-linear equalization second stage that uses the 
received signal to perform a sequential search in an attempt to 
improve upon the initial symbol decisions where if able to 
improve upon the initial symbol decisions then an output 
sequence is obtained from the sequential search and if not 
able to improve upon the sequence metric threshold then the 
output sequence is the initial symbol decisions. 
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RECEIVER AND METHOD FOR TWO-STAGE 
EQUALIZATION WITH SEQUENTIAL 

SEARCH 

TECHNICAL FIELD 

0001. The present invention relates in general to the wire 
less telecommunications field and, in particular, to a receiver 
that mitigates inter-symbol interference in received symbols 
by using a two-stage equalizer with sequential search. 

BACKGROUND 

0002 The following abbreviations are herewith defined, at 
least some of which are referred to within the following 
description of the state-of-the-art and the present invention. 
The reference to the “present invention” or “invention used 
herein relates to exemplary embodiments and not necessarily 
to every embodiment that is encompassed by the appended 
claims. 
0003 AWGN Additive White Gaussian Noise 
0004 BCH Broadcast Channel 
0005 BPSK Binary Phase-Shift Keying 
0006 CDM Code Division Multiplexing 
0007 CDMA Code Division Multiple Access 
0008 DFE Decision Feedback Equalization 
0009 FEC Forward Error Correction 
0010 G-RAKE Generalized-RAKE 
0011 HSDPA High-Speed-Downlink-Packet Access 
0012 HSPA High Speed Packet Access 
0013 ISI Inter-Symbol Interference 
0014 LDPC Low Density Parity Check Code 
0015 LE Linear Equalization 
0016 LTE Long Term Evolution 
0017 MIMO Multiple Input Multiple Output 
0018. MISO Multiple Input Single Output 
0019 MLSE Maximum Likelihood Sequence Estimation 
0020 QAM Quadrature Amplitude Modulation 
0021 RF Radio Frequency 
0022 SIMO Single Input Multiple Output 
0023 SISO Single Input Single Output 
0024 TDM Time Division Multiplexing 
0025 WCDMA Wideband Code Division Multiple 
Access 

0026 Cellular communication systems are evolving these 
days to have even higher data rates. For instance, HSPA 
communication systems provide higher data rates in both 
uplink and downlink by using higher-order signal constella 
tions to send more bits in the same amount of time. The same 
is true for the LTE uplink. However, when the channel 
between a transmitter and receiver is dispersive, then 
intersymbol interference (ISI) results, which limits the avail 
ability of high data rates. 
0027 Receivers have used linear equalization to suppress 
ISI. For instance, WCDMA (HSPA, HSDPA) receivers have 
Suppressed ISI by using linear equalization schemes such as 
G-Rake or chip equalization. In addition, receivers have used 
linear equalization for the LTE uplink, though it is performed 
in the frequency domain. Basically, the linear equalizer at 
high signal power levels tries to undo the channel to eliminate 
the ISI. The problem is that there is room for improvement. 
0028. There are two main non-linear equalization 
approaches used today which can improve upon linear equal 
ization: (1) decision feedback equalization (DFE); and (2) 
maximum likelihood sequence estimation (MLSE). DFE is 
only slightly more complex than linear equalization, but the 
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performance gains are modest. The receiver could use a block 
DFE which can provide larger gains, but this does not com 
pletely close the gap with linear equalization due to the linear 
Suppression of future ISI and error propagation from past ISI. 
The MLSE can close the gap in performance, but it is highly 
complex. There are various ways to approximate MLSE per 
formance with simplifications. For instance, the MLSE can 
be simplified with path pruning approaches such as the M-al 
gorithm and Talgorithm which are still fairly complex. Plus, 
these processes have a problem with the large constellations 
and in particular the large fanout size which is equal to the 
constellation size q. In addition, these processes require a 
certain level of complexity to let the detected sequence 
emerge from the pruning process. This is all described in 
greater detail below with respect to an exemplary non-spread 
MIMO communication system discussed next with respect to 
FIGS. 1-4 (PRIOR ART). 

Exemplary Communication System 
(0029 Referring to FIG. 1 (PRIOR ART), there is a basic 
diagram of a traditional non-spread MIMO communication 
system 100 with a transmitter 102 (including an encoder 104, 
an interleaver 106, a modulator 108 and multiple transmit 
antennas 110) coupled by a channel 112 to a receiver 114 
(including multiple receive antennas 116, a demodulator 118, 
a deinterleaver 120 and a decoder 122). In operation, the 
encoder 104 receives a block of information bits 124 and 
protects those bits by mapping them into a larger block of 
modem bits 126. The encoder 104 can perform this by using 
an error control code such as a binary code, for example a 
BCH code, a LDPC code, a convolutional code, or a turbo 
code. The interleaver 106 receives the modem bits 126, 
changes the order/indices of the modem bits 126, and outputs 
re-ordered bits 128. 
0030. The modulator 108 receives the re-ordered bits 128 
and uses a modulation constellation to output symbols 130. In 
particular, the modulator 108 uses the modulation constella 
tion of size q to map log q consecutive bits into one of q 
modulation symbols when generating the output symbols 
130. For instance, the modulator 108 can use a modulation 
constellation such as BPSK, with q=2, and 16-QAM, with 
q=16. The modulator 108 may also perform a filtering opera 
tion to produce partial response signaling. In addition, the 
modulator 108 may also perform a coded modulation opera 
tion, where the mapping of the current q bits depends on 
previous bits. For simplicity, the description provided herein 
will assume an un-coded modulation scheme. The modula 
tion symbols are used to modulate an RF carrier. 
0031. The modulated symbols 130 are then transmitted by 
the transmit antennas 110 over the channel 112 to the receive 
antennas 116. The channel 112 represents the effects of fad 
ing in a wireless medium, the time dispersion, as well as the 
additive noise and interference on the transmitted symbols 
130. Thus, the demodulator 118 receives a signal 132 which 
has been subjected to ISI. The ISI may also be due to the 
combined effects of partial response signaling and filtering at 
the transmitter 102, the multi-path dispersion over the wire 
less channel 112, and the filtering at the receiver 114. This 
channel model would also apply to other communication 
systems such as, for example, a CDMA system. 
0032. The receiver 114 performs the demodulation opera 
tion and the decoding operation separately. First, the demodu 
lator 118 accepts the received signal 132, mitigates the ISI, 
and outputs estimates of the modem bits 134 in the form of 
soft bit values 134. The soft bit values 134 indicate the reli 
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ability of individual modem bits 126. The deinterleaver 120 
receives the soft bit values 134 and changes their order/indi 
ces to be the reverse of that used by the interleaver 106. After 
de-interleaving, the re-ordered soft bit values 136 are fed to 
the decoder 122. The decoder 122 operates on the re-ordered 
soft bit values 136 to produce an estimate 138 of the infor 
mation bits 124. 

MIMO Demodulation Problem 

0033. The general MIMO demodulation problem is dis 
cussed next, with L transmit antennas 110 and L2 receive 
antennas 116. The transmitted and received signals 130 and 
132 are represented by the vectors S=(S.A.s...) and r (r.A. 
r)'., respectively. 
0034 Each component of s is a symbol from a finite modu 
lation constellation. The set Q contains all possible transmit 
ted vectors. The size q of Q is the product of the constellation 
sizes of the L components. That is, if L-2 and both signals 
use 16 QAM, then q=256. In this discussion, assume q to be 
a power of 2. 
0035. At the transmitter 102, there is a one-to-one map 
ping from blocks of log q modem bits 126 to modulation 
symbols 130. 
0036) i. Dispersive Channel Model 
0037 For a symbol-spaced channel 112 with memory M, 
there are M-1 channel matrices H.A.H, each of dimensions 
L2xL. The element H of H, describes the channel 112 
from transmit antennai to receive antenna i at a delay of m 
symbols. The current transmitted signals is denoted S. The 
system model is given by: 

r.F.S. a+A+HS 1+Hos--- (1) 

where V. (V.A.V.12) represents the noise. For simplicity, 
an additive white Gaussian noise (AWGN) model in time and 
in space is considered. 

Equalizer Operation 

0038. The operation of the equalizer 118 (single stage 
equalizer 118) at the receiver 114 is discussed next. Assume 
that the transmitted signal 130 has a symbol vector sequence 
of length K. The receiver 114 processes the corresponding 
received values (r. Ar) to try to identify the best sequence in 
a maximum likelihood sense. The appropriate metric is the 
squared error (or Euclidean distance). 
0039 Given a full sequence hypothesis, the corresponding 
sequence metric can be computed. The sequence metric can 
be written as a sum of K partial metrics, called branch metrics. 
The name will become clear in light of the tree structure 
described later. In this discussion, the notations (SA.S.) 
is adopted and a full sequence is denoted as S. 
0040 i. Branch Metric, Bias and Innovation 
0041. It is helpful to describe the branch metric interms of 
bias and innovation. To account for the ISI properly in the 
model associated with equation no. 1 for k=1 to M, assume 
that the symbols so are known. For now, think of these 
symbols as the known reference symbols. At index k, the bias 
vector associated with past symbols is given by: 

b. 1-Hys. Ar-A-His-1 (2) 

which is a function of the most recent M symbols st 
only. By removing the bias vector from the received vector, 
the innovation vector is obtained and can be represented by: 

Cir-b-1. (3) 

Oct. 7, 2010 

This innovation represents the residual received value after 
removing the bias. Finally c is compared to the correspond 
ing symbol weighted by the channel matrix, to obtain the 
branch metric represented by: 

|c-Hos’. (4) 

0042 
0043 

ii. Sequence Metric 
The sequence metric is given by: 

K (5) 

X|c. - Hos II. 
k=1 

The sequence metric of equation no. 5 is the appropriate 
measure which is used to compare different total sequence 
hypotheses. The best total sequence is the one that minimizes 
the sequence metric. 
0044) iii. MLSE 
0045. The MLSE finds the best total sequence. The Viterbi 
process is one very efficient way to search for the best total 
sequence. It does so by using intermediate steps, where same 
length Subsequences are compared. A brief discussion about 
the operation of the MLSE is provided herein to provide a 
contrast to that of a stack algorithm (discussed below), where 
unequal length sequences are compared. 
10046) The MLSE operates on a trellis with q states, and 
q'' branches per stage. The trellis has K+1 stages, indexed 
0 to K, to handle the K received values. The MLSE starts at 
stage 0 and progresses towards stage K. At index k-1, each 
state represents a different combination of M symbols (s 
A.S.), and is labeled with an innovation according to equa 
tion nos. 2 and 3. 
0047 A branch representing a symbol S. starts from (s 
M.A.S) and ends in State (S.A.S) at index k. The 
branch is labeled with a branch metric according to equation 
no. 4. This enables the computation of the sequence metric for 
sequence (S.A.S) of length k, as an update of the sequence 
metric for (SA, S-I). 
0048. At each state of stage k, the sequence metrics for all 
the sequences of length k ending in that state are compared. 
All of the sequences but the one with the lowest sequence 
metric are discarded, and the survivor is kept. Eventually, the 
last stage K is reached. Each state has a length K Surviving 
sequence. The Survivor with the lowest sequence metric is the 
best overall sequence. 
0049. The MLSE has some drawbacks since it compares 
only the same length sequences. Plus, the number of states q' 
and the number of branches q', which reflect the complex 
ity of the MLSE process, grow very quickly with the modu 
lation size Q or the memory M. Thus, as the number of states 
q and the number of branches q' get large, MLSE 
becomes hopelessly complex. 
0050 iv. Intuitive Justification of the Fano Metric 
0051 Anticipating the workings of the stack algorithm, 
Suppose one wants to compare two unequal length Subse 
quences sands', with J-J'<K. Simply restricting the sum 
mation in equation no. 5 to J and J' does not work well. For 
instance, taking the metric difference, one would obtain: 

(6) 
2 2 2 X (lc - Hos; I- ||c. - Hos: 1) + X|ck - Hos. I’. 
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The second Summation in equation no. 6 is unbalanced and 
always nonnegative, so the shorter sequence will tend to win 
out too easily. 
0052 To balance out the comparison, the missing symbols 
need to be accounted for in each sequence. This can be done 
by adding a bias B that does not depend on the missing 
symbols, and represents an estimate of the branch metric. The 
resulting total sequence metric is given by: 

(7) K 

X|ck - Hos II + X 6. 
k=1 

0053. Furthermore, it is convenient to subtract the term 

f3. 3. 
from equation no. 7. This has no effect on sequence metric 
comparisons. The resulting metric, denoted E. can be written 
as follows: 

(8) 
E = X. (Ilc - Hos II – f.). 

k=1 

0054 
given by: 

0055. This is known as the Fano metric. For clarity, the 
metric difference is revisited and by using equation no. 8 the 
following is obtained: 

The corresponding branch metric, denoted e, is 

|ck - Hos? II-) & y + X (lc - Hos. I-6). Ici - Host k=-1 

(10) 

0056. The second sum in equation no. 10 is now balanced 
by the presence of B, unlike that in equation no. 6. This 
confirms the intuitive explanation that the Fano branch metric 
provides a balance to the comparison of unequal length 
Sequences. 

0057 v. Bias Example 
0058 Referring back to equation no. 7, it can be recalled 
that the bias B is an estimate of the branch metric at indices 
where that metric has not been computed. Ideally, one would 
like to have an accurate and simple estimate because accuracy 
leads to better performance, while simplicity is in keeping 
with the low complexity equalizer. 
0059. The simplest bias is the vector noise power. This 
corresponds to the assumption that the hypothesized symbols 
s which affect the branch metric at index k are correct. 
Then it can be seen from equation nos. 1-3 that equation no. 
4 reduces to the following: 
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0060. The expected value of the right hand side is the 
vector noise power, denoted P. It can be estimated by aver 
aging the error over recent symbols. Furthermore, for reason 
ably small values of the block length K, one can assume that 
the noise power is constant, so that the bias is a single value 
for all k. In general, the bias term can be proportional to the 
noise power. This approach and other approaches are 
described in T. Gucluoglu et al. “Soft Input Soft Output Stack 
Equalization for MIMO Frequency Selective Fading Chan 
nels.” in Proc. IEEE Intl. Conf. Commun., Seoul, Korea, May 
16-20, 2005, pp. 510-514 (the contents of which are incorpo 
rated by reference herein). 

Stack Algorithm 
0061 The stack algorithm is an aggressive depth first tree 
search process with a simple structure. It is well suited for 
scenarios where the state space is very large, making breadth 
first techniques like the Viterbi process impractical. 
0062. A key feature of the stack algorithm is the compari 
Son of symbol sequences of different lengths, for the purpose 
ofranking them as more or less likely eventual Solutions. This 
is made possible by using the aforementioned Fano metric. 
0063. The stack algorithm described below is used as a 
representative example, there are other sequential search pro 
cesses that can be used Such as the single-stack algorithm and 
bucket process. These other sequential search processes are 
described in J. B. Anderson et al. “Sequential Coding Algo 
rithms: A Survey and Cost Analysis.” IEEE Transactions on 
Communications, vol. COM-32, February 1984 (the contents 
of which are incorporated by reference herein). 
0064 i. Search Tree 
0065. The stack algorithm operates on a tree of depth K. 
The root node of the tree, denoted 0, is at index 0. It is 
associated with the null sequence (pof length 0. A node Nat 
index k-1 is associated with its Subsequence S. starting 
from the root node. The fanout ofnode N is the set of branches 
B that start in N. Each branch is associated with a value for 
symbols. For now, assume there are no restrictions on the 
fanout, and it has q branches, one for each symbol vector in Q. 
The extension of node N by a branch B results in a new node 
N" at index k, associated with the sequences. The new 
nodes N' are referred to as the children, and N as the parent. 
0.066 For reference purposes, one can think of the full tree 
of depth K, where each node is extended, and every possible 
sequence of length K is represented. FIG. 2 (Prior Art) illus 
trates an exemplary full tree 200 having a binary alphabet, 
q=2, and a depth K=3, and a root node 0 at index k=0. The 
exemplary full tree 200 also has branches B at index k which 
are labeled with the symbols s. 
0067. The stack algorithm does not need to search the full 
tree 200, but instead it could focus on the most likely 
sequences. In this sense, the stack algorithm defines a sparse 
sub-tree of the full tree 200. FIG. 3 (Prior Art) illustrates an 
exemplary sparse tree 300 that can be created by a stack 
search with a binary alphabet, q=2, and a depth K-3. In this 
diagram, the nodes are labeled N(i) according to their rank in 
the stack. 
0068 ii. Branch and Node Metrics 
0069. In this discussion, consider a node Nat index k-1, 
with the associated Subsequences. The bias vector for N 
is explicitly denoted b (N), and given by equation no. 2. The 
bias vector is a function of the most recent M symbols S. 
k-1 only and summarizes the effect of node N on the branch 
metrics at index k. 
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0070 The innovation vector, explicitly denoted c. (N), is 
obtained by removing the bias vector from the received vector 
as given by equation no. 3. The innovation vector represents 
the residual received value after removing the bias of node N. 
0071. For each branch B in the fanout of N. c is compared 
to the corresponding symbol weighted by the channel matrix, 
to get the branch metric, explicitly denoted e.(B), and given 
by the Fano metric of equation no.9. The branch metrice.(B) 
is a function of the most recent M+1 symbols S. only. 
0072 The squared error first term in equation no. 9 corre 
sponds to Forney's approach to equalization which is dis 
cussed in G. D. Forney “Maximum-likelihood sequence esti 
mation of digital sequences in the presence of intersymbol 
interference, IEEE Trans. 
0073. Info. Theory, vol. IT-18, May 1972 (the contents of 
which are incorporated by reference herein). 
0074 For a node N' resulting from the extension of node N 
by a branch B, the node metric of N' is given by: 

E(N)=E (N)--e.(B) (12) 

where E, (N) is the node metric of N. By default, the metric 
for node 0 is set to 0. Then using equation no. 12 one can 
build-up the node metric from node 0 to node N'. 
0075 An example of a node N extended via its fanout is 
shown in FIG. 4 (Prior Art). The exemplary node N is at index 
k-1=3 and is extended by the four branches in its fanout to 
produce four new children nodes Natk 4. The bias b(N) is 
used in computing the branch metric e.(B). The sequence 
metric E(N) is computed from E(N) and ea.(B). 
0076 iii. Steps of Stack Algorithm 
0077. The stack algorithm includes an ordered list of 
nodes, with the best candidate on top (hence the term 
“stack”). The best node is removed from the stack and then 
extended via the branches in its fanout. The resulting new 
children nodes are slotted in the stack according to their 
sequence metric. 
0078. The stack algorithm is initialized with 0. The stack 
algorithm stops when the node at the top of the stack has index 
k K. The sequence of length K corresponding to that node is 
the output. Exemplary pseudo-code of the stack algorithm is 
as follows: 

stack initialized with root node 
flag = 0 
while flag == 

remove best node N from stack 
extend node N with branches from its fanout 
place new children nodes N in stack 
if best node N has index = K 

flag = 1 
end 

end 
N corresponds to output symbol sequence 

0079 Referring again to the example in FIG. 3 (PRIOR 
ART), the nodes in the stack are labeled N(i) according to 
their rank. Since N(O) with indexk-K is at the top of the stack, 
it is the winner. Its corresponding sequence (0,0,1) is the 
output of the stack algorithm. 

Variants of the Stack Algorithm 
0080) i. Stack Size Growth 
0081. Each iteration of the stack algorithm removes one 
node and adds q nodes. Thus, the stack size keeps growing. 
For large q or long blockS K, this may be impractical. As a 
result, it may be necessary to limit the stack size. 
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I0082 One approach is to set a size limit. Once the stack 
exceeds that limit, it is trimmed back by removing the candi 
dates at the bottom. As long as the limit is large enough, the 
impact on performance is minimal, since the trimmed candi 
dates are the least likely to succeed. 
I0083. Another approach is to set a sequence metric thresh 
old. If a candidate's sequence metric exceeds that threshold, it 
is trimmed from the stack. Again, as long as the threshold is 
large enough, the impact on performance is minimal, since 
the trimmed candidates are the least likely to succeed. 
0084 
I0085. As discussed above, the stack algorithm operates on 
a tree. In this exemplary ISI Scenario however, the state space 
is finite, and can be described by a trellis, where paths merge 
together. While it may not be needed to resort to a trellis here, 
it may be beneficial to exploit the merging idea. 
I0086. The finite space is reflected in the fact that the bias is 
a function of the most recent M symbols only. Thus, if two 
nodes N and N' at the same index k-1 agree in their most 
recent M symbols s, then their bias vectors are equal: 

0087. Since nodes N and N' have the same bias vectors, 
their branch metrics will be the same at index k. Furthermore, 
everything from this point forward will be the same. This 
means that the two nodes can be merged. To do so, their 
sequence metrics E. (N) and E (N') are compared and the 
node with the larger sequence metric is removed from the 
stack. 

I0088. With an unbounded stack, merging nodes has no 
effect on performance, since the node with the larger 
sequence metric would never win. However, merging does 
affect complexity. Plus, one has to weigh the benefit of merg 
ing in reducing future operations, against the cost of keeping 
track of merging candidates, comparing them, and removing 
the worst ones. 

I0089. With a bounded stack size, merging sequences may 
affect which nodes are trimmed. This is not likely to signifi 
cantly impact performance. 
0090. With a stacklimited by a metric threshold, the merg 
ing has no impact on performance. 
0091 iii. Getting Started (Initialization) 
0092. There are different ways to start the stack algorithm, 
depending on the transmission system. If pilot symbols are 
transmitted at the beginning, then the stack algorithm starts 
from a single, known state. In the absence of pilot symbols, 
there are several options. One is to start from multiple states 
corresponding to different combinations of the initial sym 
bols. It may be necessary to initially perform a tree search/ 
expansion before applying the stack pruning process. Merg 
ing sequences and stack pruning can be used to limit the 
increased number of sequences in the stack due to multiple 
initial states. Another option is to use information from the 
first stage to prune the multiple initial states to the most likely 
ones, including the extreme case of having a single starting 
state corresponding to detected symbol values from the first 
Stage. 
0093. In view of the foregoing discussion about the vari 
ous linear equalization approaches and the various non-linear 
equalization approaches, it can be seen that there is a need to 
address their various shortcomings to enable a receiver to 

ii. Merging Sequences 
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effectively reduce the ISI in received symbols and output 
more reliable bits. This need and other needs are satisfied by 
the present invention. 

SUMMARY 

0094. In one aspect, the present invention provides a 
receiver and an equalization method adapted to mitigate ISI in 
a received signal. The receiver has a two-stage equalizer 
which includes a demodulation first stage such as linear 
equalization that processes the received signal and produces 
initial symbol decisions and possibly additional information 
Such as reliability measures and ranked lists of most likely 
symbols. The two-stage equalizer also includes a non-linear 
equalization second stage that uses the received signal and 
possibly the additional information to perform a sequential 
search in an attempt to improve upon the initial symbol deci 
sions where if able to improve upon the initial symbol deci 
sions then an output sequence is obtained from the sequential 
search and if not able to improve upon the initial symbol 
decisions then the output sequence is the initial symbol deci 
sions. The two-stage equalizer combines the simplicity of 
linear equalization with the performance of the non-linear 
equalization which is desirable in cellular communication 
systems (e.g., HSPA systems, LTE systems) which have high 
data rates and high-order signal constellations. 
0095 Additional aspects of the invention will be set forth, 
in part, in the detailed description, figures and any claims 
which follow, and in part will be derived from the detailed 
description, or can be learned by practice of the invention. It 
is to be understood that both the foregoing general description 
and the following detailed description are exemplary and 
explanatory only and are not restrictive of the invention as 
disclosed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0096. A more complete understanding of the present 
invention may be obtained by reference to the following 
detailed description when taken in conjunction with the 
accompanying drawings: 
0097 FIGS. 1-4 (PRIOR ART) are various diagrams 
including a traditional wireless communications system and a 
traditional receiver which is used to help explain various 
problems associated with reducing inter-symbol interference 
in received signals that are solved by the present invention; 
0098 FIG. 5 is a basic diagram of a receiver with a two 
stage equalizer that can be implemented in a wireless com 
munication system (namely a base station or a user terminal) 
in accordance with the present invention; and 
0099 FIGS. 6-8 are basic diagrams of the receiver shown 
in FIG. 5 which are used to help explain several different 
embodiments of the two-stage equalizer in accordance with 
the present invention. 

DETAILED DESCRIPTION 

0100 Referring to FIG. 5, there is a basic diagram of a 
receiver 500 with a two-stage equalizer 502 that is configured 
in accordance with the present invention. The two-stage 
equalizer 502 includes a first stage 504 and a second stage 506 
which reduce the ISI in a received signal 508. The first stage 
504 can be a relatively simple form of demodulation such as 
a linear receiver which has, for instance, a matched filter, a 
Zero-forcing filter, a chip equalizer, a RAKE, a GRAKE, or a 
variant thereof, that processes the received signal 508 and 
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produces information 510 for use in the second stage 506. 
Alternatively, the first stage can also be nonlinear, Such as a 
decision feedback equalizer. The second stage 506 can imple 
ment a modified sequential search or decoding method. Such 
as a modified Stack Search structure, which processes the 
received signal 508 again, and incorporates the information 
510 from the first stage 504 to accelerate and possibly restrict 
or refine its search to output more reliable bits 512. The 
information 510 from the first stage 506 may include, for 
example, symbol decisions, or symbol decisions augmented 
with reliability measures, or ranked lists of most likely sym 
bols. Several exemplary embodiments of the receiver 500 are 
discussed in detail next but it should be appreciated that only 
the components relevant to the present invention are 
described herein while other well known components like the 
deinterleaver and the decoder have been omitted for clarity. It 
should also be appreciated that the receiver 500 is applicable 
to any number of transmit and receive antennas (SISO, 
SIMO, MISO, and MIMO). 

BEAT-ITI 

0101 Referring to FIG. 6, there is a basic diagram of a 
receiver 500' with a two-stage equalizer 502 configured in 
accordance with a first embodiment of the present invention. 
The two-stage equalizer 502 includes a first stage 504' and a 
second stage 506' which reduce the ISI in a received signal 
508. The first stage 504' can be a relatively simple form of 
demodulation Such as a linear receiver which has, for 
instance, a matched filter, a Zero-forcing filter, a chip equal 
izer, a RAKE, a GRAKE, or a variant thereof, that processes 
the received signal 508 and produces symbol hard decisions 
(S) 510' for use in the second stage 506'. Alternatively, the 
first stage 504' can also be nonlinear, such as a decision 
feedback equalizer. The second stage 506' implements a 
modified sequential search or decoding method. Such as a 
modified Stack Search structure, which processes the received 
signal 508 again, and incorporates the symbol hard decisions 
(S) 510' from the to first stage 504 to accelerate and pos 
sibly restrict or refine its search to output more reliable bits 
512. 

0102. In particular, the two-stage equalizer 502 has the 
first stage 504' which produces the symbol hard decisions 
(S) 510' and feeds them to the second stage 506. The 
second stage 506' takes the symbol hard decisions (S) 510' 
along with the reference symbols so and computes the 
branch metrics and sequence metrics. 
(0103 First, the total metric at index K that is denoted as 
E is computed. The computation of E is described next. 
At index 0, the bias is computed from the reference symbols 
So according to equation no. 2 and is as follows: 

bo His 1+A+HSo. (14) 

At index 1, the innovation is computed according to equation 
no. 3 and is as follows: 

c=r-bo (15) 

where r is the received signal 508'. 
Then, the branch metric is computed according to equation 
no. 9, using the first symbol decisions as follows: 

The bias is computed using S_2.0 and S1 as follows: 
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The following stages are handled in the same way. Eventually, 
index K is reached and the sequence metric is given by: 

Einar = ék. 
K (18) 

k=1 

0104. The symbol hard decisions (S) 510' are now used 
as the initial Solution to beat in the stack algorithm. To do this, 
the E is set as a sequence metric threshold for the stack, as 
explained earlier. Then for a node Nat index k to survive in the 
stack, its sequence metric has to satisfy: 

E(N)s E. (19) 

0105. At some point in the stack search, due to trimming, 
there may be one single node left in the stack. When it is 
removed and extended via its fanout, all the new children 
nodes may fail the condition in equation no. 19. Then the 
stack becomes empty. This means that the initial solution Sk 
could not be beat, and as such the initial solution S is the 
output of the second stage 506'. 
0106 To enable this embodiment, the receiver 500' may 
include a processor 514 and a memory 516 that stores pro 
cessor-executable instructions where the processor 514 inter 
faces with the memory 516' and executes the processor-ex 
ecutable instructions to implement the following exemplary 
high level pseudo-code: 

stack initialized with rootnode 
flag1 = 0 
flag2 = 1 
while flag1 == 0 and flag2 == 

remove best node N from stack 
extend node N with branches from its fanout 
place new children nodes N that pass threshold test in stack 
if new best node N has index = K 

flag1 = 1 
end 
if stack is empty 

flag2 = 0 
end 

end 
if flag1 == 

node N corresponds to outputSymbol sequence 
else 

initial Solution from first stage is output symbol sequence 
end 

Note: The processor 514 and the memory 516 are imple 
mented, at least partially, as some combination of Software, 
firmware, hardware, or hard-coded logic. 
0107. In this embodiment, the two-stage equalizer 502 
includes a first stage 504 that processes the received signal 
508 and produces initial symbol decisions s 510'. The 
two-stage equalizer 502' also includes a non-linear equaliza 
tion second stage 506' that uses initial symbol decisions Sk 
and the received signal to compute a maximum total metric 
E, which is set as a sequence metric threshold and then 
considers other candidate symbol sequences to try and 
improve upon the sequence metric threshold and if able to 
improve upon the sequence metric threshold then the output 
sequence 512 is obtained from the sequential search and if 
notable to improve upon the sequence metric threshold then 
the output sequence 512' is the initial symbol decisions Sk 
510'. 
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0108. As described above, the two-stage equalizer 502 
uses the symbol hard decisions (S) 510' from the first stage 
504' as an initial solution, which the second stage 506 then 
tries to beat. Thus, this embodiment is given the nickname 
BEAT-IT I. The other embodiments of the receiver 500 
described in detail below also retain this basic approach and 
are referred to herein by the nicknames BEAT-IT II, BEAT-IT 
III, BEAT-IT IV and BEAT-ITV. 

BEAT-IT II Through BEAT-ITV 
0109 Referring to FIG. 7, there is a basic diagram of a 
receiver 500" with a two-stage equalizer 502" used to help 
explain several additional embodiments of the present inven 
tion. The two-stage equalizer 502" includes a first stage 504" 
and a second stage 506" which reduce the ISI in a received 
signal 508". The first stage 504" can be relatively simple form 
of demodulation such as a linear receiver which has, for 
instance, a matched filter, a Zero-forcing filter, a chip equal 
izer, a RAKE, a GRAKE, or a variant thereof, that processes 
the received signal 508" and produces symbol hard decisions 
(S) 510a" and additional information 510b" for use in the 
second stage 506". Alternatively, the first stage 504" can also 
be nonlinear, such as a decision feedback equalizer. The sec 
ond stage 506" implements a modified sequential search or 
decoding method. Such as a modified Stack Search structure, 
which processes the received signal 508" again, and incorpo 
rates the symbol hard decisions (S-) 510a" and the addi 
tional information 510b" from the first stage 504" to acceler 
ate and possibly restrict or refine its search to output more 
reliable modem bits 512". The additional information 510b" 
indicates the reliability of each symbols, at index k, and it is 
used by the second stage 506" to restrict the fanout at index k. 

BEAT IT II 

0110. A more detailed two-stage equalizer 502" is 
described next when compared to the previously described 
two-stage equalizer 502, where the first stage 504" provides 
not just the symbol hard decisions (S) 510a" but also the 
additional information 510b" to the second stage 506". The 
second stage 506" upon receiving the additional information 
510b" sets the restricted constellation Q of size q for all k 
(recall the size of the unrestricted constellation Q is q). The 
value of q is between 1 and q. If the reliability of symbols 
is very strong, then set: 

and q =1. It will be seen later that the modified stack algo 
rithm forces its decision S to be equal to S. At the other 
extreme, if the confidence in S is very low, then set: 

and q q. As a result, the modified Stack algorithm searches 
the full constellation at index k. 
0111. In between, the restricted constellation Q needs to 
be defined and several possible approaches for doing this will 
be described in the next section. At this point, assume that 
given the additional information 510b" from the first stage 
504", the second stage 506" determines Q', for all k. 
0112 i. Modified Stack with Fanout Restriction 
0113. The modified stack algorithm is initialized with 0. It 
stops when the node at the top of the stack has index k=K. The 
sequence of length K corresponding to that node is the output. 
Consider the best node N with index k-1 at the top of the 
stack. It is removed from the stack, and extended via the 
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branches in its fanout of size q. The branches are labeled 
with the symbols in the restricted constellation set Q'. The 
branch metrics and sequence metrics are computed as before. 
0114. To enable this embodiment, the receiver 500" may 
include a processor 514" and a memory 516" that stores 
processor-executable instructions where the processor 514" 
interfaces with the memory 516" and executes the processor 
executable instructions to implement the following exem 
plary high level pseudo-code: 

stack initialized with rootnode 
flag = 0 
while flag == 

remove best node N (with index k - 1) from stack 
extend node N with branches from its restricted fanout at 

index k 
place new children nodes N in stack 
if new best node N has index = K 

flag = 1 
end 

end 
node N corresponds to outputSymbol sequence 

Note: The processor 514" and the memory 516" are imple 
mented, at least partially, as some combination of Software, 
firmware, hardware, or hard-coded logic. 
0115. In this embodiment, the two-stage equalizer 502" 
includes a first stage 504" that processes the received signal 
508" and outputs the initial symbol decisions S. 510a" 
which are augmented with reliability measures L. 510b". 
where the reliability measures L. 510b" indicate a reliability 
of each symbols at index k. The two-stage equalizer 502 
also includes the non-linear equalization second stage 506" 
that uses the initial symbol decisions S and the reliability 
measures LL to restrict a fanout of at least one index k of the 
sequential search by setting a restricted constellation Q" of 
size q', where the value of q is between 1 and q, wherein if 
the reliability measure of symbols is low then set Q' Q and 
q' q, and if the reliability measure of symbols is in between 
then the fanout is restricted when performing the sequential 
search to try and improve upon the initial symbol decisions 
S. 510a" and if able to improve upon the initial symbol 
decisions S510a" then the output sequence is a best node N 
from the sequential search and if notable to improve upon the 
initial symbol decisions S. 510a" then the output sequence 
512" is the initial symbol decisions S. 510a". 

BEAT IT III 

0116. An even more detailed two-stage equalizer 502" is 
described next in which the features of BEAT-ITI and BEAT 
IT II are combined by incorporating the threshold E of 
BEAT-ITI to trim the Stack of BEAT-IT II. 
0117 That is, E serves as a threshold as in BEAT-ITI, 
so that only nodes N with E(N)<E survive in the stack. 
Also, as in BEAT-ITII, the constellation at stage kis restricted 
to a subset Q' of Q. Then, as explained earlier, if the stack 
becomes empty, then the initial solution S could not be 
beat, and it is the output 512" of the second stage 506". 
0118. To enable this embodiment, the receiver 500" may 
include a processor 514" and a memory 516" that stores 
processor-executable instructions where the processor 514" 
interfaces with the memory 516" and executes the processor 
executable instructions to implement the following exem 
plary high level pseudo-code: 
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stack initialized with rootnode 
flag1 = 0 
flag2 = 1 
while flag1 == 0 and flag2 == 

remove best node N (with index k - 1) from stack 
extend node N with branches from its restricted fanout at 

index k 
place new children nodes N that pass threshold test in stack 
if new best node N has index = K 

flag1 = 1 
end 
if stack is empty 

flag2 = 0 
end 

end 
if flag1 == 

node N corresponds to outputSymbol sequence 
else 

initial Solution from first stage is outputSymbol sequence 
end 

Note: The processor 514" and the memory 516" are imple 
mented, at least partially, as some combination of Software, 
firmware, hardware, or hard-coded logic. 
0119. In this embodiment, the two-stage equalizer 502" 
includes a first stage 504" that processes the received signal 
508" and outputs the initial symbol decisions s 510a" 
which are augmented with reliability measures L. 510b". 
where the reliability measures L. 510b" indicate a reliability 
of each symbols, at index k. The two-stage equalizer 502" 
also includes a non-linear equalization second stage 506" that 
uses the initial symbol decisions S510a" and the reliability 
measuresu510b" to restrict afanout of at least one index k of 
a sequential search by setting a restricted constellation Q" of 
size q for all k. The second stage 506" also uses initial 
symbol decisions so and the received signal 508" to com 
pute a maximum total metric E, which is set as a sequence 
metric threshold and tries and improve upon the sequence 
metric threshold which was limited based on the restricted 
constellation Q', and if able to improve upon the sequence 
metric threshold then the output sequence 512" is a best node 
N from the sequential search and if notable to improve upon 
the sequence metric threshold then the output sequence 512" 
is the initial symbol decisions S. 510a". 

Fanout Restriction 

0120 Several methods for fanout restriction are described 
next. First, a scenario is considered where the information 
from the first stage 504" consists of hard symbol decisions, or 
Soft symbol decisions, which can be thought of as hard sym 
bol decisions 510a" augmented with reliability measures 
510b". Several exemplary methods are described below 
which exploit either type of information to restrict the fanout. 
They leave the stack algorithm unchanged otherwise. 
I0121 Another type of information that can be outputted 
from the first stage 504" is an ordered list of most likely 
symbols for each index k. An exemplary method is described 
below which uses this list in a straightforward way with only 
very small change to the stack algorithm itself. 
I0122. In addition, an exemplary method is described 
below which further exploits the order information in the 
ordered list, and modifies the stack algorithm itself to make it 
more aggressive in a depth first sense. This exemplary method 
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introduces a secondary Stack, where the nodes which are 
removed from the primary stack are kept instead of being 
discarded. 
0123 i. Fanout Restriction and Reliability 
(0.124. If reliability information 510b" for S. 510a" is 
absent, then a single restricted fanout can be used according 
to the approaches described below. 
(0.125. If reliability information 510b" fors, 510a" is avail 
able, assume that it is summarized as a single number 1 for 
the purposes of this discussion. The connection between the 
size of the fanout and symbol reliability 510b" is discussed 
neXt. 

0126. In the simplest case, I can be quantized as high or 
low, according to a threshold. If L is high, then make Q 
Smaller. In particular, set Q'. S}. If u is low, then make Q 
larger. In the extreme case, set Q' Q, but typically make Q 
Smaller in the approaches below. 
0127. In general, u can be quantized to multiple levels, 
according to thresholds. Then, the corresponding versions of 
Q' can be set to increasingly expanding Subsets of Q. 
0128 ii. Bit Flipping 
0129 Recall that each value of symbol S. corresponds to 
log2 q modem bits values, denoted X=(xi.A.X., , ). Con 
sider a specific bit x, and let x.(i) denote X, with bit x 
flipped. Also lets (i) denote the symbol corresponding to 
X (i). 
0130. In general, the symbols s(i) are not necessarily 
close to S in Euclidean distance, even in the SIMO case, 
L=1. Furthermore, in the MIMO case, L>1, even if S(i) and 
S. are close, their corresponding values after taking the chan 
nel into account may not be close. 
0131 However, in the case of Gray mapping from bits to 
symbols, S(i) is close to S, for most i. This makes bit-flipping 
an attractive approach. Plus, bit flipping is a very convenient 
way for producing modem bit soft values, as discussed later. 
0132 a. Single Bit Flipping 
0133) If u is available, it can be exploited by switching 
between Q'. S} and 

Q'-sis-(1).A.s (log2 q)}. (22) 

0134. If reliability information 1510b" is absent, then set 
the fanout to equation no. 22. For the sake of brevity, from 
here on assume that the reliability information u 510b" is 
available. 
0135) b. Double Bit Flipping 
0.136 Bit flipping can be taken further by allowing double 

bit flipping, where s(i,j) has bits i and j flipped. Then I can 
be quantized to three levels. The smallest set is set to {S}, the 
second set adds the single flipped symbols s(i), and the third 
set adds the double flipped symbols s(i,j). This scheme can 
be generalized to any number of bits being flipped. 
0137 iii. Constellation Neighbors 
0138 Another approach is to consider constellation 
neighbors. In the SIMO case, L=1, one can identify the 
neighbors in a Euclidean distance sense. In the MIMO case, 
L>1, one can identify the neighbors in the Sub-constellation 
for each stream separately. 
I0139. As in the bit flipping case, Q' can be sized according 
to the reliability information L. 510b". For a high value, 
switch to Q' {s}. For a low value, augment Q, to include 
the nearest neighbors. 
0140 Taking the idea further, one can also identify the 
second nearest neighbors, and so on, and augment Q'accord 
ingly. 
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0141 iv. Modified Sphere Decoding 
0.142 Sphere decoding is an effective low complexity 
search technique which has been used in the demodulation of 
very large constellations or MIMO signals. In its original 
form, sphere decoding works for non-dispersive channels, in 
a symbol by symbol manner as discussed in B. Hochwald et 
al., “Achieving near-capacity on a multiple-antenna channel.” 
IEEE Transactions on Communications, vol. 51, pp. 389-399, 
March 2003 (the contents of which are incorporated by ref 
erence herein). Sphere decoding has also been adapted to 
Viterbi type equalizers for dispersive channels. This was dis 
cussed in detail in co-assigned U.S. patent application Ser. 
No. , filed and entitled “ (Attorney 
Docket No. P27361)(the contents of which are incorporated 
by reference herein). 
0143. The basic idea of sphere decoding is to search for a 
solution in a small subset of the most likely candidates. The 
Subset is a sphere centered at a preliminary estimate of the 
transmitted signal, and whose radius p is a design parameter. 
A Smaller radius reduces computations but increases the risk 
of missing the correct Solution. 
0144. In the present invention, the general approach 
described in the aforementioned U.S. patent application Ser. 
No. (Attorney Docket No. P27361) is adapted for 
using the sphere decoding in the Stack search. The details of 
the specialized search for symbols within the sphere, as well 
as other details would be the same as described in the afore 
mentioned U.S. patent application Ser. No. (Attorney 
Docket No. P27361) and will not be discussed further here. 
0145 For the sake of simplicity, assume that L2L. The 
center of the sphere is found from the innovation c. given in 
equation no. 3 as follows: 

s=(HH). Hoc. (23) 

0146 In this formulation, the sphere center is influenced 
by the older symbol estimates from the first stage 504", via c. 
but not the current symbol estimate S. The triangular matrix 
Ubelow is obtained by Cholesky decomposition of HoHo. A 
modified metric to identify whether a symbol value s is 
within the sphere can be defined as follows: 

The restricted fanout is now the sphere restricted by p as 
follows: 

Sphere Radius and Reliability Information 
0.147. In keeping with the scheme of relating the fanout 
size to reliability, the radius p can be related to the reliability 
information 510b". That is, if reliability is high, then the 
radius is smaller, and if reliability is low, then the radius is 
larger. In particular, the radius can be quantized to match the 
quantized reliability. 
0.148. Since, S is a continuous variable which does not 
account for the discrete constellation it is possible that for a 
Small radius, S. could fall outside Q' in equation no. 25. To 
ensure that S does belong to Q', equation no. 25 could be 
modified as follows: 

0149 v. Ordered List 
0150. Here assume that for each index k, the first stage 
504" produces an ordered list of most likely q candidate 
symbol vectors. Such information 510b" is the byproduct of 
generalized decision functions, which identify the best can 
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didates,' (equal to the hard symbols.), the second bests,’, 
etc, down to s.7. An ordered list 510b" may be viewed as a 
form of soft information about S. 
0151. In a first method, the restricted fanout can be made 
equal to the ordered list as follows: 

0152 Then run the stack algorithm as before. Recall that a 
node N at index k-1 is removed from the stack, and its 
children nodes are formed by extending N with the branches 
corresponding to the symbols in Q". The resulting nodes are 
then placed in the stack according to their node metric. 
0153. There is an advantage in processing the placement 
of the new children nodes in the stack according to the order 
information. This assumes that the order information 510b", 
which came from the first stage 504", is a good prediction of 
the relative order of the new nodes in the stack. 
I0154) In this process, let N' denote the new node corre 
sponding to S.'. First, place N' in the stack and start the 
comparison to the nodes in the stack from the top. The N' 
location in the stackis denoted as ''. Secondly, place N' in 
the stack and start the comparison to the nodes in the stack 
from '' to find its location’. Next, place N' in the stack 
and start the comparison from, and so on. The idea in the 
above approach is to reduce the number of comparisons in an 
average Sense. 
(O155 vi. Order List and Modified Stack Algorithm 
(BEAT-IT IV and BEAT-ITV) 
0156 If desired, the structure of the stack algorithm can be 
modified to more fully exploit the order information 510b". 
The resulting process is more aggressive in a depth first sense, 
in that it is more likely to go deeper faster in the tree. 
0157 Again consider node N' of the best symbol in the 

list. Suppose that the comparisonto the stack results in '-1, 
meaning that it is the best in the stack, and the best candidate 
at this intermediate point. When this happens, the second 
stage 506" does not continue with the placement of N' to 
N'7. Instead, the second stage 506" extends N' to index 
k+1 according to the restricted fanout Q'. 
0158. The remaining new nodes N' to N'7, which did 
not get a chance to be placed in the stack need to be accounted. 
The remaining new nodes N' to N'7 can be accounted by 
keeping them alive in a secondary stack as will be explained 
in greater detail below. 
0159 More generally, assume the new children nodes are 
processed according to the order information 510b", and N' 
is the first node for which–1. In this case, the second stage 
506" does not need to continue with the placement of the 
remaining nodes N' to N'. Instead, N' is extended to 
index k+1 according to the restricted fanout Q'. 
0160 a. Secondary Stack 
0161 In this example, reconsider node N where its first i 
extensions have been placed in the primary stack, and N' is 
the best in the primary stack. To keep track of N' to N' 
for possible future use, place them in a secondary stack, 
according to their node metric. 
0162 b. Visiting the Secondary Stack 
0163 The remaining issue is when to visit the secondary 
stack. In the discussion below, two variants of the stack Search 
are considered where one variant has a threshold test and the 
other variant does not have a threshold test. 
0164. First, consider the variant where the stack algorithm 
does not have a threshold test. Eventually, the primary stack 
reaches the point where the best node N has index K. At this 
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point, the primary stack would be done and the best node N 
would be placed in the secondary stack. If it is the best node 
in the secondary stack, then the process is done and N pro 
duces the output sequence 512". If N is not the best node in the 
secondary stack, then another node from the secondary stack 
is given a chance. Since the remaining nodes in the primary 
stack have lost to N, they are removed for good. The best node 
in the secondary stack is moved to the primary stack. The 
search can now continue. This variant of the two-stage equal 
izer 502" is denoted herein as BEAT-IT IV. 

(0165. To enable this embodiment, the receiver 500" may 
include a processor 514" and a memory 516" that stores 
processor-executable instructions where the processor 514" 
interfaces with the memory 516" and executes the processor 
executable instructions to implement the following exem 
plary high level pseudo-code: 

Primary and secondary stacks initialized with root node 
Flag1 = 0 
while flag1 == 0 

remove best node N (with index k - 1) from primary stack 
flag2 = 0 
i = 0 
while flag2 == 0 or i < q. 

i = i + 1 
place N in primary stack 
if == 1 

flag2 = 1 
place N. Neak in secondary stack 

end 
end 
if new best node N has index k = K 

flag1 = 1 
end 

end 
place node N in secondary stack 
if N is best node in secondary stack 

N corresponds to output symbol sequence 
else 

empty primary stack 
move best node in secondary stack to primary stack 
resume stack Search 

end 

Note: The processor 514" and the memory 516" are imple 
mented, at least partially, as some combination of Software, 
firmware, hardware, or hard-coded logic. 
0166 In this embodiment, the two-stage equalizer 502" 
includes a first stage 504" that processes the received signal 
508" and outputs the initial symbol decisions S. 510a" 
which are augmented with an ordered list510b" of most likely 
candidate symbol vectors q. The two-stage equalizer 502" 
also includes a non-linear equalization second stage 506" that 
uses the ordered list 510b" to restrict a fanout of a sequential 
search by setting a restricted constellation Q of size q for all 
k. The second stage 506" also performs a sequential search 
using a primary stack and a secondary stack and when the 
primary stack reaches a point where a best node N identified 
in the ordered list is full length then that node N is placed in 
the secondary stack and if that node N is also the best node in 
the secondary stack then that node N produces the output 
sequence and if the best node N in the primary stack is not the 
best node in the secondary stack then another node from the 
secondary Stack is moved to the primary stack and the sequen 
tial search continues to try and improve upon the initial sym 
bol decisions S510a" and ifable to improve upon the initial 
symbol decisions initial symbol decisions S-510a" then the 
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output sequence 512" is a best node N from the continued 
sequential search and if not able to improve upon the initial 
symbol decisions after the continued sequential search then 
the output sequence 512" is the initial symbol decisions initial 
symbol decisions S. 510a". 
0167. The variant with a threshold test is considered next. 
Here it is possible for the primary stack to become empty, 
because all the candidate nodes fail the threshold test. If this 
happens, then the secondary Stack is visited. If secondary 
stack is empty as well, then the initial sequence 510a" from 
the first stage 504" is the output sequence 512". Otherwise, 
the node Nat the top of the secondary stack is moved to the 
primary stack. If the node N has index k=K, then the process 
is done. Otherwise, the node N is extended as before. If the 
primary stack eventually becomes empty again, then the sec 
ondary stack is revisited, and so on. This variant of the two 
stage equalizer 502" is denoted herein as BEAT-ITV. 
(0168 To enable this embodiment, the receiver 500" may 
include a processor 514" and a memory 516" that stores 
processor-executable instructions where the processor 514" 
interfaces with the memory 516" and executes the processor 
executable instructions to implement the following exem 
plary high level pseudo-code: 

Primary and secondary stacks initialized with root node 
flag1 = 0 
flag2 = 1 
while flag1 == 0 and flag2 == 

remove best node N (with index k - 1) from primary stack 
flag3 = 0 
i = 0 
while flag3 == 0 or i < q 

i = i + 1 
place N in primary stack 
if == 1 

flag3 = 1 
place N. Neak in secondary stack 

end 
end 
if new best node N has index k = K 

flag1 = 1 
end 
if primary stack is empty 

if secondary stack is empty 
flag2 = 0 

else 
move best node in secondary stack to 

primary stack 
resume stack search 

end 
end 

end 
if flag2 == 

initial Solution from first stage is output symbol sequence 
else 

place node N in secondary stack 
if node N is best node in secondary stack 

N corresponds to output symbol sequence 
else 

empty primary stack 
move best node in secondary stack to primary stack 
resume stack Search 

end 
end 

Note: The processor 514" and the memory 516" are imple 
mented, at least partially, as some combination of Software, 
firmware, hardware, or hard-coded logic. 
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0169. In this embodiment, the two-stage equalizer 502" 
includes a first stage 504" that processes the received signal 
508" and outputs the initial symbol decisions S. 510a" 
which are augmented with an ordered list510b" of most likely 
candidate symbol vectors q. The two-stage equalizer 502" 
also includes a non-linear equalization second stage 506" that 
uses the ordered list 510b" to restrict a fanout of a sequential 
search by setting a restricted constellation Q of size q for all 
k. The second stage 506" also performs a sequential search 
using a threshold, a primary Stack and a secondary stack and 
when the primary stack becomes empty because all candidate 
nodes fail the threshold then the secondary stack is visited and 
if the secondary Stack is empty then the initial symbol deci 
sions S. 510a" are the output sequence 512", otherwise a 
node Nata top of the secondary stack is moved to the primary 
stack and if this node N has full length then this node N is the 
output sequence 512" and if this node N does not have full 
length then the primary stack is extended and the process 
continues until the primary stack becomes empty and the 
secondary stack is revisited until a node has full length and 
this node is the output sequence 512". 

Bias Term Revisited 

0170 In the background section, noise power was used for 
the bias term. In this solution, other bias terms may work 
better. 

0171 
0172. The noise power bias term may be considered to be 
optimistic, since it assumes that all symbols are correct. 
Another estimate that could be used accounts for symbol 
errors. In describing this estimate, assume that the symbol 
error rate, denoted e, is known. 
0173 For simplicity, assume that the old hypothesized 
symbols S are correct, and that the current hypoth 
esized symbol vectors is in error with a probability e. More 
over, assume that the error occurs in a single symbol sy 
among the L components of S, and that the error is to a 
nearest neighbor in the component constellation of S. Let 
da, denote the Euclidean distance to the nearest neighborin 
the component constellation. 
(0174) Let Ho denote column j of channel matrix Ho, 
describing the channel of symbols from antennaj. The most 
likely error to a first order approximation occurs for the value 
jo of j that minimizes the effective minimum distance 
accounting for the channel, and is given by: 

i. Constellation Distance 

|Hold (28) nini 

Using the above approximations, equation no. 4 can be writ 
ten as follows: 

inio 

for the case of a symbol error, which occurs with probability 
e. For the case of no symbol error, the estimate remains P. 
Averaging the two cases, the bias becomes: 

B-e|Hoofdio +P. (30) 

0175 
Distance 

(0176 To obtain a smaller estimate of the bias, it can be 
contended that when a nearest neighbor error occurs, its most 
likely cause is a noise value that causes the received value to 
just cross the halfway point between the correct and incorrect 

ii. Smaller Bias Based on Constellation Minimum 
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symbols. The magnitude of that noise value is ||Hold,/2. 
Hence, the estimate of equation no. 4 can be written as fol 
lows: 

|Holi, I’d, (31) inin...io 2 C - HS, as Ici - Host 4 

for the case of a symbol error. This yields a bias value as 
follows: 

|Hood, (32) minio B = e—a roy + (1-e P. 

0177. It is possible to obtain more accurate estimates of 
the bias with more complex computations. However, these 
more complex computations would be expected to quickly 
reach diminishing returns in terms of the impact on the per 
formance of the two-stage equalizer 502". 
0.178 iii. Bias as Control Parameter 
0179 The aforementioned sequential search approaches 
take a variable amount of time for completion. As such, it is 
possible that this search can run out of time, as a new block of 
received data needs to be processed. To address this problem, 
Suppose one considers the number of nodes visited as a simple 
estimate of completion time. 
0180. It is also possible to use B as a parameter to control 
how aggressively the search proceeds depth first. In general, 
the larger values of B favor longer sequences, and thus 
encourage aggressive depth first progression, whereas 
Smaller values favor shorter sequences, and thus encourage 
more exhaustive breadth first progression. Of course, a more 
aggressive depth first process tends to visit fewer nodes and 
finish quicker, at the risk of skipping the best symbol 
sequence. Two approaches are proposed hereinto use the bias 
as a control parameter. 
0181. The first approach is to introduce a fixed offset from 
an initial bias estimate. That is, compute one of the above 
estimates, say equation no. 32, then add a fixed positive or 
negative percentage offset. The offset is fixed throughout the 
block being processed. 
0182. The second approach uses a variable offset within 
the block. That is, Suppose that the search is wandering 
around and visiting many nodes, having wasted half of its 
allocated completion time, with none of the candidates in the 
stack having exceeded depth K/2. Then, a positive offset can 
be added to the bias, to encourage the search to reach a 
Solution. Conversely, if the search immediately locks on a 
sequence, and reaches depth K/2, with very few nodes visited, 
then a negative offset can be added to the bias, to encourage 
the search to consider other candidates. 

HSPA Multi-Code Example 
0183 Referring to FIG. 8, there is a basic diagram of a 
HSPA multi-code receiver 500" with a two-stage equalizer 
502" (including the first stage equalizer 504" and the second 
stage equalizer 506") configured in accordance with an 
embodiment of the present invention. In this example, the 
receiver 500" has a receive antenna 1202 coupled to a RF 
front end 1202 which is coupled to a bank of L. Rake receiv 
ers 1204 and the first stage equalizer 504". The bank of L 
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Rake receivers 1204 and the first stage equalizer 504" are 
both coupled to the second stage equalizer 506" (modified 
sequential search). It should be appreciated that only the 
components associated with the receiver 500" that are rel 
evant to the present invention are described herein while other 
well known components like the deinterleaver and the 
decoder have been omitted for clarity. 
0184. In this example, HSPA, the evolution of Wideband 
CDMA is considered. At high data rates, symbols are sent 
both in series (time division multiplexing or TDM) and in 
parallel (code division multiplexing or CDM). The L sym 
bols sent in parallel can be collected into a symbol vector, 
similar to the aforementioned MIMO example. 
0185. The CDM is achieved by spreading each symbol 
using an Nc-chip sequence. At the receiver 500", Nc chip 
samples from Symbol period k can be collected into a vector 
and modeled using equation no. 1, where the elements of each 
H can be determined by the channel response and the spread 
ing code values. 
0186 The metric in equation no. 5 can be used and would 
be considered a “chip-level metric in that chip samples are 
used to form the metric. 

0187. 
0188 A more efficient approach would be to use Rake 
combined values instead of chip samples. The Rake-com 
bined or initial symbol estimates can be combined into a 
vector Z(k). This leads to the Ungerboeck metric: 

i. Ungerboeck Approach (Symbol-Level Metric) 

where S is a hypothesized symbol vector, as before, and 
S(uk) is the Ungerboeck's-parameter matrix that gives the 
response of the true symbol vector at index (k-w) on Z(k). The 
Ungerboeck metric may also include an impairment correla 
tion matrix when the noise is not white. Expressions for the 
s-parameters for CDMA can be found in co-assigned U.S. 
patent application Ser. No. 10/412,504, filed Apr. 11, 2003 
and entitled "Joint Multi-Code Detectors in CDMA Commu 
nication System” (the contents of which are incorporated by 
reference herein). 
0189 The Ungerboeck metric is particularly useful with 
the channel response is fractionally-spaced, as this gives a 
fractionally-spaced Rake front-end. If there is interference 
from other signals, then the Rakefront-end can be replaced by 
a G-Rake+-front end as described in co-assigned U.S. patent 
application Ser. No. 12/177,498, filed Jul. 22, 2008 and 
entitled “Method and Apparatus for Communication Signal 
Processing Based on Mixed Parametric and Non-Parametric 
Estimation of Impairment Correlations” (the contents of 
which are incorporated by reference herein). 
0190. 
0191 The bias term of the Ungerboeck metric is slightly 
different. The Ungerboeck metric is obtained by expanding 
the Euclidean distance metric and dropping the term corre 
sponding to the power in the received vector. This term can be 
added back in so that the Ungerboeck bias term becomes: 

ii. Bias for Ungerboeck Metric 
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Subtracting equation no. 34 from equation no. 33 yields the 
corresponding Fano branch metric: 

(35) 

e = -- |- +||r II. 

LTE Uplink Example 
0.192 In the uplink of the LTE system being developed, a 
form of single-carrier modulation is used in which symbols 
are sent sequentially at a high rate. The baseline receiver is a 
frequency-domain linear equalizer. This equalizer can be 
used to obtain an initial solution. Then, the proposed 
approaches described herein can be used to obtain a refined 
Solution. 

23(k) - S(O. k)s - 

2X S(1, k)Sk-1 

Extensions 

0193 i. Partial Modified Stack 
0194 It may be useful to limit the modified stack search to 
a part of the total sequence. That is, instead of considering the 
whole block 1:K, consider a smaller block K.K. The reason 
may be that the computational resources available are limited, 
forcing a choice to focus the second stage on a smaller block. 
(0195 Given the choice K.K., the modified stack can 
operate in the same way as before. The received values 
needed are (re-Ark.), and the reference symbols needed are 
SK-M-K-1: 
0196) Next, the specific changes to three versions of the 
modified Stack algorithm are provided. 
0.197 a. BEAT-ITI 
0198 The second stage 506' takes the hard symbol deci 
sions Skk, along with the Symbols Sk-k- used as refer 
ence symbols. This means that there is a need to choose K. 
such that Ski are reliable when they come from the first 
stage 504" (see FIG. 6). 
0199 Next, compute the branch metrics and sequence 
metrics according to equations nos. 9 and 12, starting at index 
K. Also, E, is now the total metric at index K. 
0200 Use E, as a sequence metric threshold for the 
stack. If the stack becomes empty, then the initial Solution 
see is the output 512" of the second stage 506'. 
0201 b. Other BEAT-IT Processes 
0202 The remaining BEAT-IT II-V processes can be 
modified in the same way, by limiting their operation to 
indices k between K and K, as well as using the modified 
E., where a threshold is relevant. 

c. Tail symbols 0203 
0204 A specific case of the partial modified stack is 
described next. Assume that the last M symbols are very 
reliable, so that the second stage 506" sets Q', {S} and q = 1 
for those indices. This is equivalent to having tail symbols, 
which would force sequences to go to the same State on a 
trellis. On the tree, the modified stack algorithm would be 
applied as is. The last M branches serve to capture the full 
effect of the symbols up to index K-M-1 in the branch 
metrics and in the sequence metrics. 

Soft Value Generation 

0205 Typically soft bit values are needed for subsequent 
FEC decoding, such as turbo decoding or convolutional 
decoding. These can be obtained using any of the standard 
approaches used with sequential decoders or a pruned MLSE. 
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0206. One approach is to perform bit flipping for each bit. 
A second path metric is determined by flipping a particular 
bit. The difference between this path metric and the winning 
path's path metric gives the soft information for that bit. 

Finite Decision Depth 

0207. In examples above, it was assumed that the process 
started at the root node and proceeded until the last node. 
Often, a decision depth was used. After all candidates on the 
stack have exceeded a certain length D, the oldest symbol 
vector in each path is decided, typically from the best 
sequence on the stack. 
0208. At this point, an ambiguity check may be per 
formed. Those sequences that do not agree with this symbol 
value are discarded from the stack. 

Running out of Time 

0209 Recall that the number of nodes visited can be an 
estimate of completion time. If the number of nodes visited 
reaches a preset maximum without yielding a solution, then 
the search is stopped. Two approaches are described next for 
the demodulator output. 
0210. In the first approach, assume that the second stage 
506 has failed, and revert back to the first stage 504. That is, 
the initial sequence solution 510 from the first stage is the 
final output 512. 
0211. In the second approach, interpret the failure of the 
second stage 506 as an indication that the initial sequence 
solution 510 from the first stage 504 is unreliable, thus requir 
ing a large number of node visits in the second stage 506. 
Consequently, the final output of the demodulator is to 
declare an erasure. In the decoder, the corresponding modem 
bits have to be treated as punctured bits, that is bits for which 
there is no hard or soft information available. Typically, the 
decoder input is the aggregate of several demodulator blocks. 
So an erasure may still leave enough unpunctured modem bits 
for the decoder to succeed. 

0212. From the foregoing, several exemplary receivers 
have been described to provide a thorough understanding of 
the present invention. The receivers include a two-stage 
equalizer and method for equalization that combines the sim 
plicity of linear equalization (first stage) with the perfor 
mance of nonlinear equalization (second stage). The second 
stage uses one of several techniques to restrict its search over 
a Subset of the constellation. This includes an adaptation of 
sphere decoding. The two-stage equalizer is well Suited for 
scenarios where the effective modulation constellation size is 
very large, making a Viterbi equalizer impractical. The two 
stage equalizer is also well Suited for large channel dispersion 
(relative to symbol duration) as its complexity does not grow 
exponentially with channel dispersion. The two-stage equal 
izer can be used in many different scenarios such as, for 
example, the aforementioned WCDMA multi-code scenario 
(both uplink and downlink), which effectively creates a very 
large total constellation. Another scenario of interest is the 
LTE uplink, which employs a form of single carrier transmis 
sion. MIMO reception in WCDMA, LTE, and WiMAX is yet 
another scenario of interest. For simplicity, the description 
above assumed un-coded modulation. However, if the trans 
mission system includes coded modulation, then the two 
stage equalizer can be adjusted to handle that as well as a form 
of ISI. 
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0213 Although multiple embodiments of the present 
invention has been illustrated in the accompanying Drawings 
and described in the foregoing Detailed Description, it should 
be understood that the invention is not limited to the disclosed 
embodiments, but instead is also capable of numerous rear 
rangements, modifications and Substitutions without depart 
ing from the spirit of the invention as has been set forth and 
defined by the following claims. 

1. A receiver adapted to mitigating inter-symbol interfer 
ence in a received signal, said receiver comprising: 

a two-stage equalizer including: 
a demodulation first stage that processes the received 

signal and produces initial symbol decisions; and 
a non-linear equalization second stage that uses the 

received signal to perform a sequential search in an 
attempt to improve upon the initial symbol decisions, 
wherein: 

ifable to improve upon the initial symbol decisions, thenan 
output sequence is obtained from the sequential search; 
and 

if not able to improve upon the initial symbol decisions, 
then the output sequence is the initial symbol decisions. 

2. The receiver of claim 1, wherein the first stage is a linear 
equalizer. 

3. The receiver of claim 1, wherein the first stage is a 
non-linear equalizer. 

4. The receiver of claim 1, wherein the second stage uses 
initial symbol decisions S and the received signal to com 
pute a maximum total metric E, which is set as a sequence 
metric threshold and then considers other candidate symbol 
sequences to try and improve upon the sequence metric 
threshold and if able to improve upon the sequence metric 
threshold then the output sequence is obtained from the 
sequential search and if not able to improve upon the 
sequence metric threshold then the output sequence is the 
initial symbol decisions. 

5. The receiver of claim 1, wherein: 
the first stage outputs the initial symbol decisions S. 

which are augmented with reliability measures L., 
where the reliability measures indicate a reliability of 
each symbol sat index k; and 

the second stage uses the initial symbol decisions Sk and 
the reliability measures LL to restrict a fanout of at least 
one index k of the sequential search by setting a 
restricted constellation Q" of size q', where the value of 
q is between 1 and q. 

6. The receiver of claim 5, wherein the fanout is restricted 
by at least one of quantizing the reliability measures LL into 
multiple thresholds, bit flipping, considering constellation 
neighbors, and sphere decoding. 

7. The receiver of claim 1, wherein: 
the first stage outputs the initial symbol decisions Sk 

which are augmented with reliability measures L. 
where the reliability measures indicate a reliability of 
each symbol sat index k: 

the second stage uses the initial symbol decisions Sk and 
the reliability measures LL to restrict a fanout of at least 
one index k of the sequential search by setting a 
restricted constellation Q" of size q', and 

the second stage uses the initial symbol decisions S and 
the received signal to compute a maximum total metric 
E, which is set as a sequence metric threshold and tries 
to improve upon the sequence metric threshold which 
was limited based on the restricted constellation Q'. 

Oct. 7, 2010 

8. The receiver of claim 1, wherein: 
the first stage outputs the initial symbol decisions Sk 

which are augmented with an ordered list of most likely 
candidate symbol vectors q; 

the second stage uses the ordered list to restrict a fanout of 
the sequential search by setting a restricted constellation 
Q' of size q for all k; and 

the second stage performs a sequential search using a pri 
mary stack and a secondary stack and when the primary 
stack reaches a point where a best node N identified in 
the ordered list is full length then that node N is placed in 
the secondary stack and if that node N is also the best 
node in the secondary stack then that node N produces 
the output sequence and if the best node N in the primary 
stack is not the best node in the secondary Stack then 
another node from the secondary stack is moved to the 
primary stack and the sequential search continues to try 
and improve upon the initial symbol decisions. 

9. The receiver of claim 1, wherein: 
the first stage outputs the initial symbol decisions Sk 

which are augmented with an ordered list of most likely 
candidate symbol vectors q; 

the second stage uses the ordered list to restrict a fanout of 
the sequential search by setting a restricted constellation 
Q' of size q for all k; and 

the second stage performs a sequential search using a 
threshold, a primary stack and a secondary stack and 
when the primary stack becomes empty because all can 
didate nodes fail the threshold then the secondary stack 
is visited and if the secondary stack is empty then the 
initial symbol decisions are the output sequence, other 
wise a node Nata top of the secondary stack is moved to 
the primary stack and if this node N has full length then 
this node N is the output sequence and if this node N 
does not have full length then the primary stack is 
extended and the process continues until the primary 
stack becomes empty and the secondary Stack is revis 
ited until a node has full length and this node is the 
output sequence. 

10. The receiver of claim 1, wherein the first stage is a 
matched filter, a Zero-forcing filter, a chip equalizer, a RAKE, 
or a G-RAKE. 

11. The receiver of claim 1, wherein the second stage 
implements a stack algorithm. 

12. The receiver of claim 1, wherein the information from 
the first stage includes symbol decisions augmented with 
reliability measures, or ranked lists of most likely symbols. 

13. The receiver of claim 1, wherein the second stage uses 
a noise power bias or a symbol error rate bias when perform 
ing the sequential search. 

14. The receiver of claim 1, wherein the second stage uses 
a bias as a control parameter when performing the sequential 
search. 

15. The receiver of claim 1, wherein the second stage uses 
only a part of a total sequence when performing the sequential 
search. 

16. A method for mitigating inter-symbol interference in a 
received signal, said method comprising the steps of 

using a demodulation first stage that processes the received 
signal and produces initial symbol decisions; and 

using a non-linear equalization second stage that uses the 
received signal to perform a sequential search in an 
attempt to improve upon the initial symbol decisions 
where if able to improve upon the initial symbol deci 
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sions then an output sequence is obtained from the 
sequential search and if not able to improve upon the 
initial symbol decisions then the output sequence is the 
initial symbol decisions. 

17. The method of claim 16, wherein the first stage is a 
linear equalizer. 

18. The method of claim 16, wherein the first stage is a 
non-linear equalizer. 

19. The method of claim 16, wherein the second stage uses 
initial symbol decisions Sk and the received signal to com 
pute a maximum total metric E, which is set to as a 
sequence metric threshold and then considers other candidate 
symbol sequences to try and improve upon the sequence 
metric threshold and if able to improve upon the sequence 
metric threshold then the output sequence is obtained from 
the sequential search and if not able to improve upon the 
sequence metric threshold then the output sequence is the 
initial symbol decisions. 

20. The method of claim 16, wherein: 
the first stage outputs the initial symbol decisions Sk 

which are augmented with reliability measures L. 
where the reliability measures indicate a reliability of 
each symbol sat index k; and 

the second stage uses the initial symbol decisions Sk and 
the reliability measures LL to restrict a fanout of at least 
one index k of the sequential search by setting a 
restricted constellation Q" of size q', where the value of 
q' is between 1 and q. 

21. The method of claim 20, wherein the fanout is restricted 
by at least one of quantinizing the reliability measures Linto 
multiple thresholds, bit flipping, considering constellation 
neighbors, and sphere decoding. 

22. The method of claim 16, wherein: 
the first stage outputs the initial symbol decisions Sk 

which are augmented with reliability measures L., 
where the reliability measures indicate a reliability of 
each symbol sat index k: 

the second stage uses the initial symbol decisions S and 
the reliability measures LL to restrict a fanout of at least 
one index k of the sequential search by setting a 
restricted constellation Q" of size q', and 

the second stage uses the initial symbol decisions Sk and 
the received signal to compute a maximum total metric 
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E, which is set as a sequence metric threshold and tries 
to improve upon the sequence metric threshold which 
was limited based on the restricted constellation Q'. 

23. The method of claim 16, wherein: 
the first stage outputs the initial symbol decisions Sk 

which are augmented with an ordered list of most likely 
candidate symbol vectors q; 

the second stage uses the ordered list to restrict a fanout of 
the sequential search by setting a restricted constellation 
Q' of size q for all k; and 

the second stage performs a sequential search using a pri 
mary stack and a secondary stack and when the primary 
stack reaches a point where a best node N identified in 
the ordered list is full length then that node N is placed in 
the secondary stack and if that node N is also the best 
node in the secondary stack then that node N produces 
the output sequence and if the best node N in the primary 
stack is not the best node in the secondary Stack then 
another node from the secondary stack is moved to the 
primary stack and the sequential search continues to try 
and improve upon the initial symbol decisions. 

24. The method of claim 16, wherein: 
the first stage outputs the initial symbol decisions Sk 

which are augmented with an ordered list of most likely 
candidate symbol vectors q; 

the second stage uses the ordered list to restrict a fanout of 
the sequential search by setting a restricted constellation 
Q' of size q for all k; and 

the second stage performs a sequential search using a 
threshold, a primary stack and a secondary stack and 
when the primary stack becomes empty because all can 
didate nodes fail the threshold then the secondary stack 
is visited and if the secondary stack is empty then the 
initial symbol decisions are the output sequence, other 
wise a node Nata top of the secondary stack is moved to 
the primary stack and if this node N has full length then 
this node N is the output sequence and if this node N 
does not have full length then the primary stack is 
extended and the process continues until the primary 
stack becomes empty and the secondary Stack is revis 
ited until a node has full length and this node is the 
output sequence. 


